comprising 16,000 species); Lycopodiophyta (lycophytes; 1200 species); Monilophyta (monilophytes; ferns; 10,000 species); and Spermatophyta (seed plants; gymnosperms and angiosperms; with the angiosperms having perhaps 350,000-400,000 species); Lycopodiophyta, Monilophyta, and Spermatophyta collectively make up Tracheophyta (tracheophytes; vascular plants). (Note that throughout this paper, italicized names of larger groups correspond to clade names for which phylogenetic definitions have been pro vided, e.g., Cantino et al. [2007] and Podani [2015] ; non italicized names reflect traditional Linnaean taxonomy.)
Despite the huge ecological and economic importance of Viridiplantae, many fundamental relationships remain unclear. Relationships within the Viridiplantae branch of the tree of life have been difficult to reconstruct for a combination of reasons, includ ing the enormous age of the clade, significant extinction of major lineages, as well as extensive heterogeneity in the rates of molecular evolution Smith and Donoghue, 2008; Smith, 2009; Zhong et al., 2011; Rothfels et al., 2012; Ruhfel et al., 2014) . Nonetheless, enormous progress has been made in recent years in clarifying our understanding of the evolution of Viridiplantae based on both molecular and paleobotanical research (reviewed by Ruhfel et al., 2014; Wickett et al., 2014; Chen et al., 2016; Hall and McCourt, 2016; Soltis et al., 2017) .
Early phylogenetic analyses of Viridiplantae relied heavily on 18S 26S rDNA sequences (Chaw et al., 1997; Soltis et al., 1999b; Nickrent et al., 2000) , with occasional use of mtDNA genes (Duff and Nickrent, 1999; Qiu et al., , 2007 , but by far most analyses have focused on plastid genes (e.g., Qiu and Palmer, 1999; Magallón and Sanderson, 2002; Qiu, 2008; Smith et al., 2009; Ruhfel et al., 2014) . Importantly, regardless of genes or genome, most analyses have also been severely limited in terms of taxonomic sampling (but see Källersjö et al., 1998; Smith et al., 2009; Zanne et al., 2014 for increasingly large numbers of species but limited numbers of plastid genes)-broad comprehensive, phylogenomic analyses have not been conducted. The largest plastid phylogenomic study to date sampled across Viridiplantae, but the 360 species included in that study represent <0.1% of Viridiplantae species diversity (Ruhfel et al., 2014) . The nuclear phylogenomic study of Wickett et al. (2014) sampled 852 genes but for only 103 species. Broad mito chondrial phylogenies remain problematic in Viridiplantae in part because of frequent horizontal gene transfer.
As a result of several decades of phylogenetic study, many of the major clades of Viridiplantae are now well defined. Nonetheless, major questions remain regarding the relationships among these major clades of green life. For example, the closest relatives of Embryophyta remain enigmatic Karol et al., 2001; Qiu et al., 2006; Lemieux et al., 2007 Lemieux et al., , 2014 Turmel et al., 2006 Turmel et al., , 2007 . Similarly, the relationships among the three bryophyte line ages (mosses, liverworts, and hornworts) have varied greatly among analyses, with all possible relationships recovered (e.g., Nickrent et al., 2000; Shaw and Renzaglia, 2004; Renzaglia et al., 2007; Ruhfel et al., 2014; Wickett et al., 2014) . Relationships among seed plant lineages are also contentious (reviewed by Soltis et al., 2017; Bowe et al., 2000; Chaw et al., 2000; Mathews, 2009; Finet et al., 2012; Zhong et al., 2010; Ruhfel et al., 2014) .
Here we provide the largest phylogenomic analysis of the Viridiplantae clade yet conducted, based on 1879 taxa with repre sentatives across all major subclades of Viridiplantae using com plete (or nearly complete) plastid protein coding sequences. This comprehensive phylogenetic framework for Viridiplantae reflects a wealth of new sequence data. We compare our results to recent plas tid and nuclear phylogenomic analyses of Viridiplantae based on far fewer species (Ruhfel et al., 2014; Wickett et al., 2014) , highlight differences in nuclear and plastid topologies, discuss implications for morphological innovation, and illustrate areas for future re search. We hope that the broad phylogenetic framework we provide for Viridiplantae will be of enormous value to evolutionary biolo gists, ecologists, molecular biologists, and genomicists.
MATERIALS AND METHODS
The One Thousand Plants Project (1KP project; onekp.com) used various Illumina sequencing technologies to generate approxi mately 2 Gbp of sequence from each of approximately 1400 RNA seq libraries built in most cases from vegetative samples (leaves for vascular plants or leaves and stems for tracheophytes with micro phyllous leaves) collected from taxonomically diverse Viridiplantae. These data were filtered and assembled with SOAP denovo Trans (Wickett et al., 2014) , and these assemblies were the starting point of the present study.
To obtain the plastid gene sequences from the SOAP denovo Trans transcriptome assemblies, we developed a new pipeline. We first used BLASTX (v. 2.2.29, Altschul et al., 1990) searches against each of the 78 protein coding genes over 100 bp long typical of plastid genomes from the data set of Ruhfel et al. (2014) . BLAST hits having e values <10 × e −25 were used to extract the matching gene regions from scaffolds. Any fragment that had BLAST hits to multiple plastid genes was discarded. Because the plastid data were found to contain many transcripts that did not correspond to the correct taxon (likely due to either misassembly or contamination), we performed a BLASTN search, initially against the Ruhfel et al. (2014) data set. Samples were divided into 13 broad groups ("algae", nonseed land plants, gymnosperms, basal angiosperms, monocots, basal eudicots, Saxifragales, campanulids, Caryophyllales, Cornales and Ericales, malvids, fabids, and lamiids), and if the best BLAST hit was to a sample outside these groups, the fragment was dis carded. To take advantage of the increased coverage provided by the 1KP data added in the initial round, a second round of BLASTN searches and filtering was conducted, using the Ruhfel et al. (2014) data, plus the new fragments that had passed the initial filter above. This approach was used to increase sampling in the BLAST data base across the phylogenetic breadth and reduce the chances of missing true matches where the initial data set may have had lim ited samples to match in some under represented groups. All frag ments that passed this second BLAST filter were retained. As many samples had multiple fragments for each gene, these were aligned to the Ruhfel et al. (2014) data for the corresponding gene using the -add option of Mafft (v. 7.125, Katoh and Standley, 2013) . A single sequence for each taxon was obtained by joining non overlapping fragments with gap characters and computing the consensus of overlapping portions of fragments. Fragments with greater than 5% sequence divergence in regions of overlap were discarded.
Data from all complete plastid genomes in GenBank as of 27 December 2014 were downloaded and parsed into gene files based on their annotations. Our data set thus consisted of the original Ruhfel et al. (2014) samples (360) , additional genomes in GenBank (380), and 1KP samples (1139) (Appendix S1, see the Supplemental Data with this article). We used 52 red and brown algal samples to root the tree, leaving 1827 representatives of Viridiplantae. Ruhfel et al. (2014) , as well as initial analyses of our own data, found that shifts in GC content over the tree result in unconven tional placement of some groups (e.g., Lycopodiophyta) in analyses of DNA sequences (see also Smith, 2009 ); thus, we restricted our analyses to an amino acid data set and did not conduct analyses removing third positions, or RY coding as was done in Ruhfel et al. (2014) . All gene sequences for all samples were therefore translated to amino acids using transeq (EMBOSS v. 6.5.7.0, Rice et al., 2000) .
The amino acid data sets for each gene were aligned using Mafft. Each gene alignment was then processed with TrimAL (v. v1.4.rev15, Capella Gutiérrez et al., 2009) using the gappyout op tion to remove poorly aligned positions. The individual gene align ments were concatenated, and samples with a concatenated total of fewer than 1000 amino acids were removed from the data set.
The resulting data set was analyzed in EXaML (v. 3.0.14, Kozlov et al., 2015) . For the maximum likelihood (ML) analysis, 10 random and 10 parsimony starting trees were used. The per site rate category model (PSR) was used. One hundred bootstrap (BS) data sets were analyzed; each bootstrap replicate used a single, randomly selected starting tree from the 10 random trees used for the ML search.
RESULTS

Data set properties
We recovered 78 protein coding genes across the data set (Table 1) . The concatenated alignment for the 78 genes from 1879 taxa con sisted of 18,328 amino acid positions. The trimmed data set had approximately 30% missing data. In some cases, entire genes were missing from many samples (e.g., petN was recovered from only 650 taxa, as compared to psbA, recovered from 1829 taxa; see Table 1 ). Figure 1 summarizes data set completeness across the genes and taxa.
Missing genes may be due to lack of expression at the time of sampling or true loss from the plastomes of some species. Gene re covery was low in the outgroups, possibly due to the lack of a close reference genome for the BLAST searches among these taxa. Within Chlorophyta, the ndh genes are missing in both transcriptome and genome sequences, consistent with previous reports (Martín and Sabater, 2010; Wicke et al., 2011) . Similarly, in the gymnosperms, Pinaceae and Gnetophyta lack the ndh genes. Poales have lost accD (Wicke et al., 2011) . The eurosids also show a loss of infA in both ge nome sequences and transcriptomes, a result consistent with Millen et al. (2001) . In contrast, many genes not recovered from transcrip tomes are found in related genome sequences; for example, recovery of psbF through psbZ genes was low from transcriptomes, although these genes are generally present in genome sequences.
The plastid topology
The topology we obtained is summarized in Fig. 2 , with the full tree with species names provided in Appendices S2 (cladogram with BS values) and S3 (phylogram). Viridiplantae are recovered as mono phyletic (BS = 99%), within which Chlorophyta and Streptophyta (each with BS = 97%) are sisters (BS = 54%), with a small clade (BS = 100%) of Mesostigma, Chlorokybus, and the enigmatic Spirotaenia (Gontcharov and Melkonian, 2004) sister to this larger clade. The glaucophytes are sister to Viridiplantae (BS = 99%).
Within Chlorophyta, Prasinophyceae, Trebouxiophyceae, and Ulvophyceae are each nonmonophyletic, and the relationship of Chlorophyceae (monophyletic with BS = 99%) to these lineages is uncertain.
Within Streptophyta, Klebsormidiophyceae, along with Entransia and Interfilum, form a clade (BS = 100%) that is sister to the remain ing streptophytes, which form a grade of Charales, Coleochaetales (BS = 100%), and a clade of Zygnematophyceae (BS = 96%) and embryophytes (BS = 97%); this clade of Zygnematophyceae and embyrophytes has BS support of 93%.
Within embryophytes, bryophytes are strongly supported as monophyletic (BS = 95%), with hornworts (BS = 100%) sis ter to a clade (BS = 93%) of liverworts and mosses, each with BS = 100%. The monophyly of Tracheophyta is poorly supported (BS = 54%); within Tracheophyta, a well supported (BS = 100%) Lycopodiophyta is sister to a weakly supported (BS = 60%) Euphyllophyta clade comprising Monilophyta (ferns; BS = 100%) + Spermatophyta (BS = 97%).
Within Monilophyta, a well supported clade (BS = 100%) of Equisetum + Psilotaceae is sister to Marattiales + leptosporangiate ferns (Polypodiidae sensu the Pteridophyte Phylogeny Group: PPG I, 2016) (BS = 100%). Within Spermatophyta, extant gymno sperms (Acrogymnospermae; BS = 100%) are sister to Angiospermae (BS = 97%). Within gymnosperms, Cycadophyta (cycads; BS = 100%) and Ginkgo form a clade (BS = 98%) that is sister to a clade in which Gnetophyta are nested within conifers (BS = 100%). We find strong evidence for the "Gne Cup" hypothesis, with Gnetophyta forming a well supported clade (BS = 98%) with Cupressophyta sensu Cantino et al. (2007) , the latter comprising a clade (BS = 100%) of Araucariaceae (BS = 100%), Podocarpaceae (BS = 100%), Sciadopitys, Cephalotaxaceae (BS = 100%), Taxaceae (BS = 100%), and Cupressaceae (BS = 100%). This clade of Gnetophyta + Cupressophyta is sister to Pinaceae (BS = 100%).
The monophyly of angiosperms receives 97% BS support, with Amborella sister to all other extant angiosperms (BS = 80%); Nymphaeales (BS = 100%) and Austrobaileyales (BS = 100%) are successive sisters (BS = 80%) to all other angiosperms (Mesangiospermae; BS = 97%), comprising Magnoliophyta (magnoliids), Chloranthales, monocots, Ceratophyllum, and eu dicots. Magnoliids (BS = 95%) and Chloranthales (BS = 100%) form a weakly supported clade (BS = 61%) that is sister to a clade (BS = 56%) of monocots (BS = 100%) and eudicots (BS = 97%) + Ceratophyllum (41%).
The placement of Ceratophyllum remains problematic, with only 41% bootstrap support for its placement as sister to the eu dicots. Ranunculales are sister to the remaining eudicots (BS = 97%), followed by a grade of Proteales (BS = 100%), Meliosma, and Trochodendrales + Buxales (forming a clade with BS = 52%). Gunnerales are sister to Pentapetalae (97%), and Dillenia is sister to the remaining eudicots (BS = 97%), which comprise a clade of superrosids (BS = 99%) and superasterids (BS = 48%).
Within the superrosids, Vitales are sister to the remainder (BS = 61%), which comprise Saxifragales (BS = 100%) sister to the core rosids/eurosids (BS = 99%); the core rosids comprise the malvid and fabid clades, although each is weakly supported with only BS = 61% and 62%, respectively. The COM clade (Celastrales, Oxalidales, Malpighiales), long a problematic region of angiosperm phylogeny (e.g., Wurdack and Davis, 2009; Sun et al., 2015) , is strongly sup ported as a clade (BS = 90%) and placed within the fabids as sister (BS = 74%) to Zygophyllales. Within the COM clade, there is weak support (BS = 59%) for (Celastrales + Oxalidales), which are in turn sister to Malpighiales (BS = 100%). Within the superasterid clade, Santalales (BS = 100%) are sister to the rest of the clade (BS = 63%), with Berberidopsidales sister to a clade (BS = 94%) of Caryophyllales (BS = 100%) and asterids (BS = 98%). The asterids comprise a clade of [Cornales (BS = 100%) sister to a clade of Ericales (BS = 100%) + (campanulids (BS = 98%) + lamiids (BS = 91%))].
The topology for monocots generally agrees with recent anal yses (with the exception of the placement of Petrosaviales; see be low) (Chase et al., 2006; Graham et al., 2006; Givnish et al., 2010; Soltis et al., 2011; Hertweck et al., 2015) . We found that Acoraceae (Acorales), followed by Alismatales, are each well supported (BS = 100%) and are subsequent sisters to all other monocots, which form a well supported clade (BS = 100%). Within this remaining large clade of monocots, the major subclades are typically well supported: Commelinidae (Arecales, Commelinales, Poales, and Zingiberales), Dioscoreales, Petrosaviales, Pandanales, Liliales, and Asparagales. After Acoraceae and Alismatales, we recover Pandanales as sister to all remaining monocots, a placement that is weakly supported (re maining monocots have BS = 76%). Following Pandanales, Liliales and then Asparagales are sister to the remaining monocots. We then recover Petrosaviales as sister to the weakly supported (BS = 62%) remaining monocots consisting of Arecales + Commelinidae (BS = 83%). This placement of Petrosaviales differs from previous analyses in which following Acorales and Alismatales, Petrosaviales have been sister to all other monocots (Chase et al., 2006; Graham et al., 2006; see APG, 2016) . Relationships obtained here within the larger clades of monocots are in general agreement with other re cent analyses (see Chase et al., 2006; Graham et al., 2006; Givnish et al., 2010; Soltis et al., 2011; Hertweck et al., 2015) . For example, within Commelinidae, we recovered Arecales as sister to Poales + (Commelinales + Zingiberales).
DISCUSSION
Low bootstrap support for some nodes
Several historically well supported nodes in the Viridiplantae phylogeny received relatively weak support in our analyses (e.g., monophyly of vascular plants [BS = 54%]; monophyly of super asterids [BS = 48%]). While this could certainly be a sign of low support in this data set for these relationships, we believe most cases are due to the limited analyses we were able to conduct on each of the bootstrap data sets (a single analysis from one random starting tree). For the vascular plants, for example, about 40% of topolo gies found a large group of monilophytes sister to the remaining land plants (including the bryophytes). We reanalyzed six of these bootstrap data sets using a different random starting tree and found that all six found a tree consistent with the monophyletic vascular plant topology presented in Fig. 2 . Thus, it appears that this reduced effort in analyzing bootstrap data sets generated trees that may have been stuck on local optima or suboptimal parts of tree space; these suboptimal trees varied in topology, yielding lower support for the monophyly of certain clades (see Mort et al., 2000) . However, given that each bootstrap analysis uses about 300 CPU hours, using the same analytical rigor used for the maximum likelihood tree search (20 starting trees) would use over 600,000 CPU hours for the boot strap analysis. Such an analysis was beyond the scope of our current study, although as data sets continue to grow, we encourage further research into the effects of limited analysis of bootstrap datasets (Mort et al., 2000) and new methods of inferring support for rela tionships (see Smith et al., 2018) . It should also be acknowledged that it is possible that reduced rigor in analyses of bootstrap data sets may lead to higher bootstrap values, and support values should therefore be interpreted with caution.
Comparison to other plastid trees
Our results are generally congruent with the previous plastid ge nome analysis of Ruhfel et al. (2014) ; here we focus primarily on the amino acid analysis of that study. However, the current study includes five times as many taxa (1879) and provides much bet ter coverage of all lineages of Viridiplantae. There are differences, however, between our results and those of Ruhfel et al. (2014) . We recovered a well supported (BS = 95%) bryophyte clade, but Ruhfel et al. (2014) found various relationships among hornworts, liverworts, and mosses, with the amino acid analysis supporting mosses and liverworts together (BS = 99%) as found here, but as sister to a clade of the single hornwort sample plus the remain ing Embryophyta (BS = 53%). Indeed, none of the several differ ent analyses of Ruhfel et al. (2014) recovered the bryophytes as monophyletic. Ruhfel et al. (2014) recovered Ceratophyllum and Piperales as sister to the monocots, although with low support (BS = 56%); we recovered Piperales as sister to Laurales (BS = 95%) and
Ceratophyllum as sister to the eudicots, but with very low support (BS = 41%). The placement of Piperales in Ruhfel et al. (2014) dis agrees with recent analyses and likely reflects limited taxon sam pling in the magnoliids. Ceratophyllum has often been placed as sister to eudicots (e.g., Soltis et al., 2011; Sun et al. 2016 ; summa rized by APG, 2016), but its position as sister to monocots has also FIGURE 1. Heatmap showing presence of sequence data for each gene and taxon across the phylogeny. Branches on the phylogeny are colored green to indicate 1KP transcriptome data and black to indicate data from NCBI or Ruhfel et al. (2014; mostly NCBI and genomic data) . Genes are arranged alphabetically, as in Table 1 with accD on the inside and ycf4 on the outside of the arcs; one or more letters are placed where the letter of the gene name changes, e.g., "i" indicates the position of infA, "psb" indicates where psa genes end and psb genes begin, etc. Heatmap colors: black, no sequence data for gene; blue, 0-25%; white, 25-50%; pink, 50-75%; red, 75-100% of full-length gene.
been reported repeatedly (e.g., Zanis et al., 2002) . The placement here of Dilleniaceae as sister to all core eudicots except Gunnera (i.e., to superrosids + superasterids) also conflicts with its posi tion in Ruhfel et al. (2014) , where it was sister to the superasterids (BS = 70%). The placement of Dilleniaceae has been problematic in all phylogenetic analyses of angiosperms (e.g., Soltis et al., 1999a Soltis et al., , 2011 . In general, the increased taxon sampling in our analysis relative to Ruhfel et al. (2014) did not change the topology greatly or add bootstrap support to the nodes that were previously problematic. These problematic nodes may represent hard polytomies that re sult from rapid radiations (as proposed for mesangiosperms; Moore et al., 2010) . Comparison of the plastid tree with a robust nuclear phylogeny may help reveal the causes of these remaining areas of poor resolution and support.
Discordance with other studies
In general, there is strong agreement between the plastid tree we report here and nuclear topologies based on 852 nuclear genes for 103 species reported by Wickett et al. (2014) . However, several ar eas of discordance deserve discussion. We stress that most differ ences are weakly supported in either the plastid or nuclear trees (or both) and also conflict between concatenated vs. gene tree based nuclear trees (Wickett et al., 2014) . Furthermore, some of the more noteworthy differences are represented by short branches in the ASTRAL nuclear tree. These branch lengths are proportional to coalescent units, and we infer that these problematic relation ships reflect "non tree like" events, including ILS and hybridiza tion. Perhaps the most noteworthy differences between plastid and nuclear topologies involve the relationships among bryophytes, among gymnosperms, and of magnoliids to either monocots or eu dicots. These differences could be due to differences in taxon sam pling between Wickett et al. (2014) and the current study; it will be important to rule out this issue through a comparable analysis of plastid and nuclear genes from the same large set of species (Green Plant Consortium, unpublished manuscript) .
The position of Mesostigma + Chlorokybus has fluctuated in dif ferent analyses, with Lemiuex et al. (2007) finding this clade either sister to Streptophyta or Streptophyta + Chlorophyta. The nuclear analyses of Wickett et al. (2014) and the Green Plant Consortium (unpublished manuscript) both found Mesostigma + Chlorokybus sister to Streptophyta.
Our analyses of plastid data provide strong support (BS = 95%) for a bryophyte clade with hornworts sister to mosses + liverworts. In contrast, the nuclear tree of Wickett et al. (2014) based on con catenated genes provides 100% bootstrap support for mosses + liv erworts, with hornworts sister to the tracheophytes; however, the ASTRAL analyses of nuclear gene trees recovered a bryophyte clade with 97% bootstrap support (Wickett et al., 2014) .
Within gymnosperms, our plastid tree and that of Ruhfel et al. (2014) place the enigmatic Gnetophyta within conifers as sister to non Pinaceae (the Gne Cup hypothesis) with strong support (BS = 98%). In contrast, the concatenated nuclear tree of Wickett et al. (2014) placed Gnetophyta sister to Pinaceae with strong support (Gne pine hypothesis; BS = 100%), while the ASTRAL tree found Gnetophyta sister to the conifers (Gnetifer hypothesis; BS = 89%). These topological differences in gymnosperm relationships have been noted previously (e.g., Bowe et al., 2000; Chaw et al., 1997; Lee et al., 2011; reviewed by Soltis et al., 2017) .
Both concatenated and ASTRAL nuclear trees place magnoliids + Chloranthales sister to the eudicots with 100% bootstrap support (Wickett et al., 2014) , while, in contrast, our analyses place magno liids + Chloranthales sister to a clade of monocots and eudicots + Ceratophyllum. However, bootstrap support for these relationships is weak.
Another noteworthy discrepancy between plastid and nuclear trees is the placement of the COM clade (Celastrales-Oxalidales-Malpighiales) in differing positions within rosids. Previous analy ses of nuclear genes (Wickett et al., 2014) have placed the clade in Malvidae, whereas plastid data place the clade within Fabidae, as seen here (reviewed by Sun et al., 2015) .
Implications for Embryophyta evolution
Our results have major implications for resolving the sister group of Embryophyta. Despite many studies having found ei ther Charophyceae or Coleochaetophyceae as sister to embryo phytes (reviewed by Ruhfel et al. 2014; Wickett et al., 2014) , recent analyses have converged with Zygnematophyceae as sister to all Embryophyta (BS = 93% in this study) Ruhfel et al., 2014; Wickett et al., 2014) . Thus, both plastid and nuclear genes support this placement. The data indicate that the complex morphological characters found in Zygnematophyceae, such as branching, parental retention of the egg, and plasmodesmata, ei ther originated once in the common ancestor of Charophyceae, Coleochaetophyceae, Zygnematophyceae, and Embryophyta and were then lost in most lineages of Zygnematophyceae or these traits originated independently in Charophyceae, Coleochaetophyceae, and Embryophyta (reviewed by Judd et al., 2016) .
Resolving relationships among the three lineages of bryophytes (hornworts, liverworts, and mosses) has been extremely difficult (reviewed by Ruhfel et al., 2014; Wickett et al., 2014; Judd et al., 2016) . As multiple papers have indicated (Qiu et al., 1998; Nickrent et al., 2000; Renzagalia et al., 2000; Nishiyama et al., 2004; Chang and Graham, 2011; reviewed by Ruhfel et al., 2014; Wickett et al., 2014) , every possible branching order of relationships among these three lineages has been obtained in analyses using diverse molecu lar and morphological data. Our result indicating a bryophyte clade mirrors the recent results of Wickett et al. (2014) using a large num ber of nuclear genes (but fewer taxa); however, as noted, this result for nuclear genes was obtained only from the coalescent analysis and not the concatenated analysis. Importantly, recent analyses of more taxa (but fewer nuclear genes than in Wickett et al. [2014] ) also reveals a bryophyte clade (Green Plant Consortium, unpub lished manuscript).
Resolving the relationships among the three lineages of bryo phytes has major implications for the origin and evolutionary trans formation of the heteromorphic alternation of generations typical of all embryophytes. The traditional hypothesis, based on a grade of bryophytes, as often reported in previous studies, suggests that a gametophyte dominant life cycle is ancestral in embryophytes (Ligrone et al., 2012; Judd et al., 2016) and the sporophyte dominant life cycle of tracheophytes is derived. However, if bryophytes are in deed a clade, as our results indicate, then the alternation of gen erations of the common ancestor of all embryophytes cannot be unequivocally reconstructed, with gametophyte dominant and sporophyte dominant life cycles both plausible hypotheses of the ancestral state.
Future of plastid phylogenomics
We may be close to exhausting the power of the plastid genome for resolving deep level phylogenetic questions of relationships in Viridiplantae (cf. Davis et al., 2014) . Particularly enigmatic areas of the Viridiplantae tree of life first revealed with a few genes re main problematic with the entire protein coding component of the plastid genome, despite dense taxon sampling in the problem atic portions of the tree. Moreover, although some of the uncer tain nodes are deep within Viridiplantae phylogeny, many others occur at more shallow levels, suggesting that perhaps different processes-extinction vs. recent radiations, for example-may be responsible at different points in the tree. Notable areas of uncer tainty include the placement of Chloranthales and magnoliids, the positions of eudicot lineages, such as Dilleniaceae, and the place ment of Ceratophyllaceae. Adding more taxa will continue to fill in the leaves of the tree, but will likely do little to improve support for deeper nodes. Filling missing genes may help with resolution and support, and adding noncoding regions will provide more characters (although such characters will also augment challenges of alignment and varying GC content). Thus, it seems unlikely that plastid genome analysis alone will recover a single, well supported topology resolving all remaining deep level questions.
Sequencing of the plastid genome has now become routine, and obtaining complete or nearly complete plastid genomes will soon be as commonplace as the sequencing of a few genes via PCR. Although current work suggests that plastid data will likely not re solve all long standing problems in Viridiplantae phylogeny, plastid genome sequencing has a very bright future and broad application as we move to the tips of the Viridiplantae tree of life, particularly within clades recognized as orders, families, and genera.
Future analyses should focus on elucidating the underlying causes responsible for the noteworthy discrepancies between plas tid and nuclear phylogenetic trees and for regions of poor support. It is our hope that these studies will usher in a new era in molec ular systematics that explicitly incorporates phylogenetic uncer tainty and conflict in studying and using the tree of life. Despite its longstanding role in plant phylogenetics, the plastid genome provides only one perspective on plant evolutionary history, and a plastid based tree should not be blindly accepted as the backbone tree for Viridiplantae. Incongruent placements between nuclear and plastid trees (e.g., the COM clade) are points of concern for reconstructing phylogeny, but opportunities for understanding the intricacies of plant evolution and should be the focus of in tensive study.
